A human parathyroid-like protein (PLP) has recently been isolated and cloned from human tumors associated with the paraneoplastic syndrome, humoral hypercalcemia of malignancy. PLP shares NH-terminal amino acid sequence similarity with PTH but has a unique primary structure thereafter. Studies reported to date have indicated that both native and synthetic amino-terminal PLP polypeptides display actions in vivo and in vitro that are similar to those of PTH. We report here that purified native PLP and synthetic 36Tyr(1-36)amide human PLP induce epidermal growth factor-dependent transformation of NRK 49F cells in soft agar. Further, the synthetic peptide induces a significant increase in the biosynthesis of fibronectin by human dermal fibroblasts. (1-34)PTH does not display either of these biological activities. These data indicate that there are qualitative differences between PTH and the recently identified PLP. The latter hormone appears to possess transforming growth factor-like properties that may be relevant to its physiological actions.
Introduction
Humoral hypercalcemia of malignancy (HHM)' is a paraneoplastic syndrome caused by the elaboration of a tumor-derived, bone-resorbing factor or factors (1) . Recently, a PTHlike protein (PLP) has been isolated from several human and animal tumors associated with this syndrome (2) (3) (4) (5) . The circulating form of the PLP is not known, but proteins of 16,000-17,000 and 6,000-9,000 kD have been isolated from extracts of malignant tissue or tumor cell-conditioned media (2) (3) (4) (5) (6) . These forms share identical NH2-terminal amino acid sequences, suggesting that the two forms may arise by processing at the carboxy terminus. Full-length cDNA clones for the PLP have been identified that encode a 141 amino acid mature 1. Abbreviations used in this paper: EGF, epidermal growth factor; HDF, human dermal fibroblasts; HHM, humoral hypercalcemia of malignancy; PLP, PTH-like protein; TGF, transforming growth factor. protein that shows considerable similarity with PTH in its first 13 amino acids but diverges completely in its primary structure thereafter (7, 8) . mRNAs encoding this protein have been identified in a variety of normal tissues (9) . Furthermore, a similar PTH-like biological activity has been identified as a secretory product of normal human skin cells in culture (10) . The physiological role of the peptide in these sites of expression is unknown.
Based on the deduced amino acid sequence for the PLP, biologically active amino-terminal polypeptide fragments have been synthesized, and a variety ofinitial reports describing their activities in vivo and in vitro have recently been published (1 1-16) . In all of these studies, comparison has been made between PTH and the tumor-derived PLP. Taken together, these studies have demonstrated that while some quantitative differences in relative potency may exist between these two hormones, they display a qualitatively similar spectrum ofactivities in a variety ofexperimental systems. These studies have focused largely on the effects of these hormones in bone and renal tissues. Limited studies with native PLP have also reported qualitatively similar results for the two hormones (4). Preliminary reports using crude or partially purified preparations of HHM-associated tumors have suggested the presence of growth factor-like activities in these tumors (17) (18) (19) . The relationship of these activities to the PTH-like biological activity present in these same tumors has remained unclear. The recent availability of purified native and a synthetic amino-terminal analogue ofthe PLP have allowed us to examine if this molecule displays transforming growth factor (TGF)-like activity.
Methods
Materials. The purified human PLP used in these studies represents a portion ofthat preparation described in the initial report ofits purification (2) . This 17,000-D protein was purified from 3.4 g of a breast carcinoma from a patient with HHM. The pure preparation was enriched 62,000-fold compared with the starting material and had a specific activity of 156 ,ugeq b(l -34)PTH/mg protein (as determined in the intact bone cell cAMP accumulating assay using ROS 17/2.8 cells (2)). Synthetic 36Tyr( 1-36)amide human PLP was synthesized as previously described using solid phase techniques (14) . Synthetic human (1-34)PTH was purchased from Bachem Inc., Torrance, CA. Aprotinin, leupeptin, phenylmethylsulfonylfluoride, and Triton X-100 were purchased from Sigma Chemical Co., St. Louis, MO. Gelatin-Sepharose was purchased from Pharmacia Fine Chemicals (Piscataway, NJ). Porcine platelet-derived TGF-gi was purchased from R & D Systems (Minneapolis, MN).
Soft agar transformation assay. The soft agar transformation assay was performed using NRK, clone 49F cells, grown in DME containing 10% newborn calf serum as previously described (19) . With this indicator cell line, epidermal growth factor (EGF) or TGF-a induce small (< 100 jim diameter) colonies and TGF-(B alone fails to induce colony formation. With saturating (0.3-3.0 nM) levels of EGF, TGF-# induces dose-dependent large colony formation (> 200 jm diameter) which is maximal at 60-80% of total colony number (i.e., the percentage of all colonies formed that are large).
Fibronectin biosynthesis. Human dermal fibroblasts (HDF) were grown to confluence in six-well tissue culture plates as previously described (20) . At confluence, cells were washed three times with serumfree DME and incubated for 12 h in the presence ofagonists. After 12 h in culture cells were washed once with serum-free, methionine-free DME and incubated for 3 h with 1 ml of the latter media containing the same concentrations ofagonists plus 0.1 jICi of [35S]methionine. At the end of 3 h, media were harvested and fibronectin was purified using gelatin-Sepharose as described by others (21) . Briefly, after harvesting media were placed on ice. To each 1 ml of media was added 25 X of 20% vol/vol Triton-X 100, 20 X of 100 mM PMSF, 10 jig ofaprotinin, 1 jg of leupeptin, and 50 X of gelatin Sepharose. After overnight agitation at 40C, the gelatin Sepharose beads were washed and suspended in sample buffer for SDS-PAGE. Gelatin Sepharose-purified proteins were separated by SDS-PAGE using a 5-10% linear gradient of polyacrylamide. Fluorography was performed using an autoradiography enhancer (EN3HANCE; New England Nuclear, Boston, MA) and preflashed x-ray film (X-AR5; Kodak, Rochester, NY). Densitometry readings were made on films exposed for 4 h using an electrophoresis image analyzer (Visage 2000; Bioimage Corp., Ann Arbor, MI). Cell number was determined using a Coulter counter (Coulter Electronics Inc., Hialeah, FL). Acid-insoluble radioactivity in the culture medium was determined by spotting filter paper with 5 A of media followed by washing with TCA and scintillation counting.
Immunoblotting. For immunoblotting, separated proteins were transferred to a nitrocellulose sheet which was then washed, blocked for 60 min with gelatin in Tris-buffered saline, and transferred to a microseal bag with first antibody. First antibody was polyclonal goat anti-human fibronectin used at a dilution of 1: 1,500 (Cappel Laboratories, Cochranville, PA). After overnight incubation at room temperature the membrane was exposed to second antibody which in this case was alkaline phosphatase-conjugated, affinity-purified rabbit anti-goat IgG used at a 1:3,000 dilution (Cappel Laboratories). Color development was achieved using nitroblue tetrazolium. Affinity-purified human plasma fibronectin was kindly supplied by Dr when compared with that produced by EGF alone. In contrast, synthetic 36Tyr( l-36)amide human PTH-like peptide induced dose-dependent large colony formation that was detectable at 0.1 nM and plateaued at 45% large colony formation in the dose range of0.1 to 0.6 nM. TGF-1# was a more potent agonist in this assay and induced 49% large colony formation at 0.04 nM. Maximal large colony formation was seen at a TGF-(3 concentration of 0.12 nM which induced 65% large colony formation.
The rate at which induction oflarge colonies occurred over time was also different for TGF-(# and the synthetic PLP. As shown in Fig. 2 B , at the highest concentration of factor tested, TGF-f3 induced maximal large colony formation by 6 d of culture while the synthetic PLP showed a progressive induction of large colony formation over the 13 d of culture. PTH and EGF together caused a low-level induction of the large colony formation over time that was not significantly different from that induced by EGF alone. Effects of PLP and PTH on fibronectin biosynthesis. In addition to induction of large colony formation by NRK 49F cells in soft agar, another characteristic property of TGF-fl is its ability to stimulate fibronectin secretion by fibroblasts (21) . This effect has recently been observed in normal HDF (22) . Since the human PLP appears to be made in skin (10) and
Effects ofPLP and PTH in the transformation assay. The purified native PLP demonstrated dose-dependent transformation of NRK 49F cells as judged by anchorage-independent large colony formation ( Fig. 1 A) . Limited amounts of this material precluded a more extensive dose-response curve, but at 0.30 nM 32% large colony formation was noted. Initial studies with synthetic 36Tyr(1-36)amide human PLP demonstrated that this polypeptide could also induce transformation in NRK 49F cells, with maximal transformation occurring in the 1 nM range (Fig. 1 B) . In both cases this phenomenon occurred only in the presence of EGF. No large colonies were formed by either protein when EGF was omitted from the culture.
The activity of the synthetic analogue of PLP was examined in more detail and compared with that of PTH and TGF-,B in the soft agar assay. As shown in Fig. 2 A, 1 stimulates cAMP accumulation in HDF (20) , we examined whether it could stimulate fibronectin secretion by HDF.
As shown in Fig. 3 , TGF-,3 induced a significant increase in fibronectin biosynthesis by confluent fibroblasts. Under the experimental conditions used, TGF-i3 induced a slight increase in total protein synthesis but no increase in cell number (Table  I) . PTH, by contrast, had no effect on fibronectin production and if anything slightly suppressed its biosynthesis. However, the human PLP caused a stimulation of fibronectin biosynthesis in a manner similar to TGF-fl. Thus, as estimated by densitometry, the effect of synthetic PLP on fibronectin biosynthesis was twice that seen with PTH. PLP had no significant effect on total protein synthesis or cell number (Table I) .
Discussion
These studies indicate that the tumor-derived PTH-like peptide has biological properties that are qualitatively distinct from those of PTH. PTH had no transforming activity on NRK 49F cells, while both native and the synthetic analogue of PLP induced significant anchorage-independent large colony formation in these cells. This effect occurred only in the presence of EGF, a biological property characteristic of, though not exclusive for, TGF-,B. Thus, several other molecules including platelet-derived growth factor, retinoic acid, bovine brain-derived growth factor, and at least one other less well-characterized growth factor demonstrate EGF-dependent or -enhanced transformation of NRK cells (23-25). Our observations are of interest in view of the complete lack of structural similarity between TGF-,B and the human PLP based on comparison of amino acid sequences. Relatively selective induction of fibronectin secretion in fibroblasts has been reported for TGF-,B (21) . Some investigators have suggested that this effect may play a role in the ability of TGF-, to induce anchorage-independent growth by certain cells (21) . There has been little data reported on hormonal regulation of fibronectin biosynthesis. Glucocorticoids and insulin-like growth factor II also increase fibronectin synthesis although with the latter this is part of a generalized increase in protein synthesis (21, 26) . In contrast, fibroblast growth factor and EGF have no effect in fibronectin biosynthesis (21) . The mechanism by which the PLP induces transformation and stimulates fibronectin biosynthesis in fibroblasts is not clear. It is possible that occupancy of a receptor that also binds TGF-,3 represents one mechanism by which these effects are induced. Whether a separate class of receptors distinct from those for PTH or TGF-(3 exists for PLP remains to be determined.
Our transformation time-course studies indicate that PLP induces transformation at a slower rate than TGF-# and plateaus at a lower level of total large colonies formed. Similarly, the effect on fibronectin biosynthesis is somewhat less prominent with the human PLP. This may simply reflect differences in potency or more fundamental differences in mechanisms of induction of these biological activities.
The TGF-like properties of PLP may have some relevance to its physiological mechanism of action. As noted earlier, we have recently reported the presence of PLP or a very similar molecule in cultures of human keratinocytes (10). TGF-3 has been shown to exhibit potent effects in skin and it is therefore possible that the PTH-like peptide plays an autocrine or paracrine role in normal skin homeostasis through its TGF-like properties. Further exploration of the growth factor-like properties of this molecule should lead to a broader view of its mechanism of action in a variety of normal tissues. as 1 2 Acknowledgments
